Abstract. The transition from male primitive germ cells (gonocytes) to type A spermatogonia in the neonatal testis is the initial process and a crucial process in spermatogenesis. However, in large domestic animals, the physiological and biochemical characteristics of germ cells during the developmental processes remain largely unknown. In this study, we characterized bovine germ cells in the developing testis from the neonatal stage to the adult stage. The binding of the lectin Dolichos biflorus agglutinin (DBA) and the expression of ubiquitin carboxyl-terminal hydrolase 1 (UCHL1) were restricted to gonocytes in the neonatal testis and spermatogonia in the adult testis. Gonocytes also expressed a germ cell marker (VASA) and stem cell markers (NANOG and OCT3/4), while the expressions of these markers in the adult testis were restricted to differentiated spermatic cells and were rarely expressed in spermatogonia. We subsequently utilized these markers to characterize gonocytes and spermatogonia after culture in vitro. Spermatogonia that were collected from the adult testis formed colonies in vitro only for one week. On the other hand, gonocytes from the neonatal testis could proliferate and form colonies after every passage for 1.5 months in culture. These colonies retained undifferentiated states of gonocytes as confirmed by the expression of both germ cell and stem cell markers. Moreover, a transplantation assay using immunodeficient mice testes showed that long-term cultured cells derived from gonocytes were able to colonize in the recipient testis. These results indicated that bovine gonocytes could maintain germ cell and stem cell potential in vitro. Key words: Gonocytes, Spermatogonia, Spermatogenesis, Stem cells, Testis (J. Reprod. Dev. 57: [355][356][357][358][359][360][361][362][363][364] 2011) erm cells originate from primordial germ cells (PGCs), which are primary cells on the germline lineage in embryos. After migration to the genital ridge, male germ cells become gonocytes [1] . At a certain period after birth, gonocytes migrate to the basement membrane of the testis and differentiate to type A spermatogonia including spermatogonial stem cells (SSCs). SSCs have the potential to self-renew and generate differentiated germ cells, resulting in the production of large numbers of spermatozoa throughout most or all of adult life. Thus, gonocytes have key roles in producing SSCs and initiating spermatogenesis. In mice, the transition of gonocytes to SSCs begins 3 days after birth [2] . Although some report have shown the postnatal testis development in large domestic species including cattle (Bos indicus [3] , Bos taurus [4, 5] ), little is known about gonocytes during their development in cattle.
(J. Reprod. Dev. 57: [355] [356] [357] [358] [359] [360] [361] [362] [363] [364] 2011) erm cells originate from primordial germ cells (PGCs), which are primary cells on the germline lineage in embryos. After migration to the genital ridge, male germ cells become gonocytes [1] . At a certain period after birth, gonocytes migrate to the basement membrane of the testis and differentiate to type A spermatogonia including spermatogonial stem cells (SSCs). SSCs have the potential to self-renew and generate differentiated germ cells, resulting in the production of large numbers of spermatozoa throughout most or all of adult life. Thus, gonocytes have key roles in producing SSCs and initiating spermatogenesis. In mice, the transition of gonocytes to SSCs begins 3 days after birth [2] . Although some report have shown the postnatal testis development in large domestic species including cattle (Bos indicus [3] , Bos taurus [4, 5] ), little is known about gonocytes during their development in cattle.
Specific germ cell markers have been identified in the mouse testis. One such marker is VASA, a DEAD (asparagineglutamine-alanine-asparagine) box protein 4 (DDX4) that is required for male germ cell development in mice [6, 7] . Additionally, stem cell characteristics of mouse SSCs were determined by a transplantation assay [8] and the detection of OCT3/4 expression [9] , which is required for maintaining the pluripotent state. Some reports have shown that rodent SSCs can be cultured long-term in vitro (germline stem (GS) cells) and that cultured cells can produce functional germ cells by transplantation into infertile testes [10, 11] . Rodent SSCs have also been genetically modified and used to obtain transgenic offspring [12] [13] [14] [15] [16] . Therefore, cultured male germ cells can serve as a genetic resource. Furthermore, embryonic stem (ES) cell-like cells, which are able to differentiate into various differentiated cell lines, have been generated from cultured SSCs of the neonatal mouse [17] , adult mouse [18] and human [19] . Since SSCs are the only tissue stem cells that can become multipotent cells in vitro without any genetic manipulation, SSCs have attracted a great deal of attention in various fields such as regenerative medicine. However, despite several attempts to culture male germ stem cells in livestock species including cattle [20] [21] [22] [23] [24] , none has been successful for a long term.
The binding of the lectin Dolichos biflorus agglutinin (DBA) [25] , which has a specific affinity for alpha-D-N-acetyl-galactosamine and the expression of ubiquitin carboxyl-terminal hydrolase 1 (UCHL1; previously known as PGP 9.5) [26, 27] have been used to specifically identify gonocytes and type A spermatogonia in the neonatal and adult bovine testis. However, it is not known whether other germ cell proteins such as VASA are expressed during sexual maturation in the bovine testis, although it is known that VASA gene is expressed in the fetal gonads and adult testis [28] . Furthermore, the expression of stem cell transcription factors (OCT3/4 and NANOG) in male germ cells in cattle has not been elucidated.
Comparative studies of the expressions of germ cell and stem cell markers in different germ cells at different developmental stages in the testis may help to elucidate germ cell differentiation and development in cattle, as well as to establish a culture system for bovine germ cells in vitro.
The aim of this study was to understand physiological and biochemical characteristics of bovine germ cells during their differentiation and proliferation in the testis. To that end, we examined the expression of markers specific for germ cells and stem cells in the developing testis in vivo and further cultured in vitro both gonocytes from the neonatal testis and spermatogonia from the adult testis. Cultured cells were evaluated by the expression of markers identified in vivo and by their ability to colonize after transplantation to germ cell-depleted mouse testes to investigate their germ cell and stem cell potential.
Materials and Methods

Collection of the testes
Since the conversion of gonocytes to spermatogonia is not complete until 6 months of age in bulls [5] , the testes were collected from Holstein bulls (Bos taurus) for immunohistochemical analysis at the age of 1.5 weeks, 1.5 months, 3 months, 5.5 months and 2 years old. For in vitro culture of germ cells, testes were collected from 1-to 5-week-old bulls to isolate gonocytes and from 2-to 5-year-old bulls to obtain spermatogonia. Collected testes were placed in individual 50-ml centrifuge tubes (Iwaki, Tokyo, Japan) or nylon bags containing a 1:1 mixture of Dulbecco's Modified Eagle's Medium and Ham's F12 Nutrient Mixture (DMEM/F12; Gibco-BRL, Invitrogen, Carlsbad, CA, USA) supplemented with 100 IU/ml penicillin (Sigma-Aldrich, St. Louis, MO, USA), 50 μg/ ml streptomycin (Sigma-Aldrich), 40 μg/ml gentamicin sulfate (Sigma-Aldrich) and 15 mM Hepes (Wako, Osaka, Japan). Testes were transported to the laboratory at 4 C within 24 h of germ cell collection as previously reported [29] .
Immunohistochemistry of testicular tissues
Gonocytes and type A spermatogonia were identified using lectin DBA and rabbit anti-UCHL1 (PGP9.5; 1:1000 dilution; Biomol, Exeter, UK) [25] [26] [27] 30] . Testis sections were also stained with an antibody to another germ cell marker, rabbit anti-VASA (DDX4/MVH; 1:200 dilution; Abcam, Cambridge, UK), and antibodies to two stem cell markers, rabbit anti-NANOG (1:100 dilution; PeproTech, Rocky Hill, NJ, USA) and rabbit anti-OCT3/4 (1:100 dilution; Millipore, Billerica, MA, USA). Lectin DBA and the primary and secondary antibodies were diluted in PBS with 1% (v/w) BSA (Sigma-Aldrich).
Testis tissues were fixed in Bouin's fixative, embedded in paraffin and sectioned (5 μm thick). 
Measurements of germ cell numbers and seminiferous tubule area
By using the results of the immunohistochemical analysis, the numbers of germ cells positive for DBA, UCHL1, VASA, NANOG and OCT3/4 per tubule section were counted in each group. Tubule area was measured in cross-sections of seminiferous tubules, and the average of tubule area was calculated by ImageJ (version 1.40 g, National Institutes of Health, Bethesda, MD, USA). At least 10 tubules in cross-sections from 2 animals in each age group were used for counting, and the mean number of positive cells was calculated in each group.
Isolation and purification of gonocytes from the neonatal testes and spermatogonia from the adult testes
To collect testicular cells, the testes were treated as described previously [31] with some modifications. Briefly, the testes were minced into small pieces and suspended in enzyme solution containing 2 mg/ml collagenase (type IV; Sigma-Aldrich) and 50 μg/ ml deoxyribonuclease I (DNase I; Sigma-Aldrich) in DMEM/F12 supplemented with 15 mM Hepes, 100 IU/ml penicillin (SigmaAldrich), 50 μg/ml streptomycin (Sigma-Aldrich) and 40 μg/ml gentamicin (Sigma-Aldrich), subsequently referred to as DMEM/ F12, at 37 C for 60 min. The remaining cell suspensions were digested with a second enzymatic solution containing 2 mg/ml collagenase, 2 mg/ml hyaluronidase (Sigma-Aldrich), 1 mg/ml trypsin (Sigma-Aldrich) and 50 μg/ml deoxyribonuclease I.
After filtration through 40-μm nylon meshes (Kyoshin Rikoh, Tokyo, Japan), isolated cells were subjected to discontinuous density gradient Percoll centrifugation. About 70 to 90% of the cells obtained from the fraction between 30 to 40% Percoll were gonocytes, as identified by DBA binding and morphological evaluation (large diameter in cell size). Spermatogonia were enriched in the fraction between 40 to 50%, as identified by the DBA binding. However, because the number of DBA-positive cells at the first Percoll treatment was still low (2-11% of total cells), the cells from the fraction between 40 to 50% were subjected to a second Percoll centrifugation to obtain more purified DBA-positive spermatogonia (20-40%). The viability of the isolated cells was >75%, as determined by trypan blue exclusion.
In vitro culture of isolated germ cells
The isolated gonocytes and spermatogonia were cultured in DMEM/F12-based medium supplemented with 10 μg/ml insulin (Sigma-Aldrich), 10 μg/ml apotransferrin (Sigma-Aldrich), 100 IU/ ml penicillin, 50 μg/ml streptomycin, 40 μg/ml gentamicin sulfate, 1 × nonessential amino acid solution (GIBCO-BRL, Invitrogen), 1 mM sodium pyruvate (Sigma-Aldrich), 1.5 μl/ml 60% (w/w) sodium lactate (Sigma-Aldrich), 0.01 mM 2-mercaptoethanol (Wako) and 10% fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA). Cells were seeded at a density of 2 × 10 4 cells/cm 2 into 35-mm culture dishes (Iwaki, Tokyo, Japan). For immunohistochemical analysis, cells were cultured simultaneously in 48-well culture dishes (Iwaki). Culture dishes were coated with 0.1% gelatin 1 day before cell seeding. Cells were cultured at 37 C in 5% CO2 in air. The culture medium was changed to fresh DMEM/F12 with serum every other day. After 5 to 7 days, the cells were passaged by using 0.25% (w/v) trypsin and 0.04% (w/v) EDTA in PBS.
In vitro culture experiments were tested using at least 3 different animals to validate the findings.
Immunohistochemistry of cultured germ cells
Gonocytes and spermatogonia that were cultured in 48-well culture dishes were double stained with DBA and anti-VASA, anti-UCHL1, anti-NANOG and anti-OCT3/4 antibodies. Briefly, the cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, incubated with 15% goat serum and 1% BSA in PBS and incubated at 4 C overnight with one of the following antibodies: anti-UCHL1 (1:100 dilution), anti-VASA (1:200 dilution), anti-NANOG (1:100 dilution) or anti-OCT3/4 (1:100 dilution). After washing with PBS, the cells were incubated with anti-rabbit IgG antibodies conjugated with Alexa 546 (Invitrogen) as secondary antibodies with DBA-FITC (1:50 dilution; Vector Laboratories, Burlingame, CA, USA), stained with 1 μg/ml Hoechst 33342 (Sigma-Aldrich) and photographed by inverted fluorescent microscopy (Eclipse TE2000-U, Nikon, Tokyo, Japan). Cultured cells were also stained with DBA-HRP and mouse anti-VIMENTIN (clone V9, 1:100 dilution; Sigma-Aldrich). DBA staining was performed by a procedure similar to that for section staining. For vimentin staining, mouse anti-vimentin and sheep anti-mouse HRP-conjugated antibody (1:100 dilution; GE Healthcare, Buckinghamshire, UK) were used as a primary and secondary antibody, respectively.
Cell proliferation was measured by double staining with antiBrdU antibody and anti-NANOG antibody (1:100 dilution) or DBA-rhodamine (1:100 dilution; Vector Laboratories). After overnight incubation with bromodeoxyuridine (BrdU, Roche, Basel, Switzerland), cells were then incubated with anti-BrdU (Millipore) and anti-NANOG antibodies at 4 C overnight, followed by incubation with goat anti-mouse antibody conjugated with Alexa 488 and anti-rabbit antibody conjugated with Alexa 546. For double-staining with DBA, DBA-rhodamine was used for incubation with the secondary antibody. For the negative controls, the primary antibody and lectin were omitted, and the section was incubated with 1% BSA in PBS.
Immunoblotting analysis
The expression of germ cell and stem cell markers in cultured cells was also analyzed by Western blot. Total protein lysates from freshly isolated germ cells of 1.5-week-old bovine testis and cells at passages 0 (P0), P1, P2, P4 and P6 were subjected to SDS-PAGE electrophoresis. The gels were transferred onto polyvinylidene difluoride membranes (Immobilon-P; Millipore). The membranes were blocked with 10% (w/v) skimmed milk in PBS-Tween (PBS-T) for 1.5 h at room temperature, incubated overnight at 4 C with the respective primary antibody, rabbit anti-VASA (1:1000 dilution), rabbit anti-UCHL1 (1:2000 dilution), rabbit anti-NANOG (Chemicon, Temecula, CA, USA; 1:5000 dilution), rabbit anti-OCT3/4 (1:1000 dilution) or anti-mouse beta ACTIN (Sigma-Aldrich, 1:2000 dilution), and incubated with sheep anti-rabbit or sheep anti-mouse HRP conjugated secondary antibody (1:2000 dilution) for 1 h at room temperature. A Can Get Signal Immunoreaction Enhancer Solution kit (Toyobo, Osaka, Japan) was used for signal enhancement. Immunoreactivity was detected with the Immobilon Western chemiluminescent HRP substrate system (Millipore) following exposure to X-ray film (GE Healthcare).
Germ cell transplantation into immunodeficient mice testes
Freshly isolated gonocytes or cultured cells at P6 were transplanted into the testis on one side in Balb/c nude (nu/nu) mice (Charles River, Yokohama, Japan). In each mouse, the contralateral testis was used as a noninjected negative control. These mice were pretreated with busulfan (35 mg/kg body weight [32] ) for 4 weeks to deplete germ cells in the testis, as described previously [8, 33] . Briefly, recipient mice were anaesthetized by intraperitoneal injection of pentobarbital (50 mg/kg; Nacalai Tesque, Kyoto, Japan). The testes were exposed through a midline abdominal incision, and approximately 10-15 μl of germ cell suspension containing 50 × 10 6 cells/ml in each group was injected through the efferent duct. Trypan blue (0.03%) was added to the injection medium to enable visualization of successful injection into the seminiferous tubules. Approximately 70-80% of the surface tubules were filled with each injection. Testes that were injected successfully were used for the data analysis. Mice were kept at 24 C with a 12-h light/12-h dark light cycle and were given food and water ad libitum.
One to two months after germ cell transplantation, the recipient mouse testes were collected and fixed with Bouin's solution. The testis sections were analyzed for the presence of bovine gonocytes using DBA staining as described above.
Statistical analysis
All data are presented as the mean ± standard error of the mean (SEM). Comparisons of multiple groups were analyzed using oneway analysis of variance (ANOVA) and two-way ANOVA followed by Tukey's and Bonferroni post-hoc pairwise comparison tests for each group. The level of significance was set at P<0.001. Data were statistically analyzed with GraphPad Prism (ver. 4.00, GraphPad Software, La Jolla, CA, USA).
Ethical approval
All animal experiments were approved by the Institutional Animal Care and Use Committee of Kyoto University.
Results
Characterization of bovine germ cells in the testes
To determine the expression profile of germ cell markers in the bovine testis, we performed immunohistochemistry on testes from bulls aged 1.5 weeks, 1.5 months, 3 months, 5.5 months and 2 years (Fig. 1) . VASA expression, together with DBA binding and UCHL1 expression, was observed in gonocytes, which have a large diameter and are located in the central part of the seminiferous tubules until 3 months of age in the bovine testes (Fig. 1) . However, in 5.5-month-old testes, germ cells had migrated toward the basement membrane of the tubules and were still VASA-, DBAand UCHL1-positive (Fig. 1) . After sexual maturation, DBA and UCHL1 staining in 2-year-old (adult) testes was seen only for spermatogonia that resided on the basement membrane (Fig. 1) . Although Ertl and Wrobel [25] reported that DBA also binds to the Golgi complex of differentiating germ cells in adult bovine testes, DBA staining in the present experiment was not detected in germ cells other than spermatogonia. However, unlike DBA and UCHL1 staining, VASA expression was seen in differentiated germ cells such as spermatocytes and round spermatids, but not in spermatogonia in the adult testes (Fig. 1) .
NANOG and OCT3/4 are pluripotency-associated transcription factors that maintain the pluripotent state of mouse and human ES cells and have been widely used as molecular markers of pluripotent stem cells. To investigate the stem cell characteristics of neonatal germ cells in cattle, we first examined the expression of OCT3/4 and NANOG. In the present study, gonocytes and spermatogonia were positive for both NANOG and OCT3/4 expression in the 1.5-week-old, 1.5-and 3-month-old testes and after migration to the basement membrane in the 5.5-month-old testes (Fig. 1) . In adult testes, NANOG and OCT3/4 expression was weak in spermatogonia, but strong in differentiated germ cells, such as spermatocytes and round spermatids. During this period, whereas NANOG expression was continuously observed in the nuclei of germ cells, OCT3/4 expression was observed in the nuclei and also in the cytoplasm of gonocytes and mostly in the cytoplasm of differentiated germ cells at the adult stage (Fig. 1 insets) . No positive staining of NANOG or OCT3/4 was seen in negative control testes sections.
In 1.5-week-old testes, the numbers of cells per tubule positive for DBA (2.9 ± 0.3 cells), UCHL1 (3.5 ± 0.5 cells) and VASA (3.3 ± 0.3 cells) were comparable ( Fig. 2A-C) . The numbers of NANOG-(2.3 ± 0.2 cells) and OCT3/4-positive germ cells (2.2 ± 0.2 cells) per tubule in the 1.5-week-old testes were also similar to the number of cells positive for germ cell markers ( Fig. 2D and E) . The numbers of germ cells at the center of the seminiferous tubules from 1.5-week-old to 3-month-old testes were not significantly different ( Fig. 2A-E) . However, after migration of germ cells toward the basement membrane in the 5.5-month-old testis, the number of cells positive for each marker per tubule was significantly increased (P<0.001; Fig. 2A-E Fig. 2A-E) . The seminiferous tubule area did not change in the 1.5-week-old to 3-month-old testes, but significantly increased in the 3-month-old to 5.5-month-old testes and in the 5.5-month-old to adult testes (P<0.001; Fig. 2F ).
Expression of specific markers for germ cells and stem cells during in vitro culture of spermatogonia from bovine adult testes
Bovine spermatogonia collected from adult testes were cultured in vitro. After 5 days of culture, three-dimensional colonies were observed (Fig. 3A) . To characterize these colonies, they were immunohistochemically analyzed after 7 days of culture (Fig. 3B ). Double staining with lectin DBA and anti-UCHL1 antibody showed that UCHL1-positive cells in all colonies were also DBA positive, but some colony-forming cells were positive for only DBA (Fig. 3B) . On the other hand, double staining with anti-VASA antibody and DBA showed that only some cells in colonies were positive for both DBA and VASA. Colony-forming cells were positive for stem cell markers, NANOG and OCT3/4, and DBA. After these colonies were passaged, they were unable to form new colonies (Fig. 3A) .
Expression of specific markers for germ cells and stem cells during in vitro culture of gonocytes
To characterize cells in culture, cells were stained with lectin DBA. After 5 days of primary culture, three-dimensional colonies covered the culture dishes, and all colonies were DBA positive (Fig. 4A) . After the first passage with trypsin, newly appearing colonies became compact on the surface of underlying monolayer cells. A large number of such colonies were observed at this time (P1; 460.0 ± 16.0 colonies per well of the 48-well culture plate). Although the number of colonies gradually decreased in each passage, passaged cells continuously formed colonies even after 6 passages (1.5 months culture; P6; 20.7 ± 5.5 colonies per well of the 48-well culture plate) and were positive for DBA staining (Fig.  4A) . On the other hand, the underlying monolayer cells stained positive for vimentin (Fig. 4B) , which is the marker of testicular somatic cells including Sertoli cells throughout the testicular development in cattle [34] .
To characterize these colonies, we double stained them with DBA plus one other germ cell marker (UCHL1 or VASA) or stem cell marker (NANOG or OCT3/4). Colonies that contained DBApositive cells in primary culture also contained cells positive for UCHL1, VASA, NANOG and OCT3/4 (Fig. 4C) . Similar staining patterns were observed through 6 passages in culture. After 6 passages, proliferating cells (indicated by BrdU incorporation) were also positive for DBA (Fig. 4D, upper panels) and NANOG (lower panels).
Furthermore, expressions of specific markers for stem cells (OCT3/4 and NANOG) and germ cells (VASA and UCHL1) in the neonatal testis were confirmed by Western blot analysis (Fig. 5) , while the expression level was maintained for 6 passages. 
Transplantation of isolated and cultured gonocytes to immunodeficient mice testes
Since only male germ stem cells can colonize in the recipient mouse testis [8] , a transplantation assay using germ cell-depleted mice was performed to evaluate the germ cell and stem cell potential of freshly isolated bovine gonocytes. DBA staining showed that freshly isolated gonocytes from the neonatal testis were present in the seminiferous tubules of the recipient testis (Fig. 6A) . Moreover, cultured cells after 6 passages (1.5 months culture) also colonized in the mouse testis one month after injection (Fig. 6B) .
Discussion
In this study, we revealed that bovine male germ cells had different characteristics during development of the testis from the neonatal to adult stage. The number of germ cells increased during the prepubertal stage (3-to 5.5-month-old) when germ cells migrated to the basal membrane. A similar pattern is observed in prepubertal (18-to 27-week-old) Fleckveih cattle [27] . Therefore, the proliferation of male germ cells in cattle might occur during the time when gonocytes begin to differentiate to type A spermatogonia.
VASA is expressed specifically in bovine gonocytes in the neonatal testes and continued to be expressed in spermatogonia until they migrated to the basement membrane. Tanaka et al. showed that VASA is involved in regulating germ cell proliferation and development after they reside in genital ridges in the mouse fetus [7] . Since VASA expression was continuously observed in the germ cells of prepubertal bovine testes, where the number of germ cells was significantly increased, VASA should be also associated with regulation of development and proliferation of primitive male germ cells in cattle. In the adult bovine testis, VASA was expressed in differentiated germ cells such as spermatocytes and round spermatids, but not in spermatogonia. Similar expression patterns of VASA have been reported in mouse [6] , human [35] and pig [36] adult testes. In mice, targeted Vasa mutation was found to cause differentiation arrest of early spermatocytes in spermatogenesis, leading to sterility [7] . These findings suggest that VASA may play a crucial role in the normal progression of meiotic cell division in the adult testes of various mammalian species including cattle.
We showed that bovine gonocytes specifically expressed both NANOG and OCT3/4 in the neonatal testis until the gonocytes migrated to the basal membrane. A similar expression pattern of NANOG is observed in the gonocytes of the neonatal testis in the pig [33] , marmoset [37] and human [38] . Therefore, NANOG expression might be a common feature of gonocytes in large domestic animals. We further showed that bovine gonocytes can colonize recipient mouse testes using a transplantation assay. Although transplantation of mixed testicular cell population from neonatal bovine testes has been successful in colonizing recipient mouse testes [24] , our data indicated that bovine gonocytes had the ability to colonize the mouse testes. Therefore, these results combined with the expression of stem cell markers and the colonization ability of bovine gonocytes strongly suggest that the gonocytes have germ cell and stem cell characteristics. After sexual maturation, OCT3/4 and NANOG expression was observed in differentiated spermatic cells, such as spermatocytes and round spermatids, and weakly detected in a few spermatogonia. OCT3/4 has two major transcripts, OCT3/4A and Oct3/4B [39] [40] [41] . Whereas Oct3/4A is localized in nuclei and expressed only in pluripotent stem cells, OCT3/4B is localized in the cytoplasm of many nonpluripotent cell types including human germ cells [39] [40] [41] . Thus, the cytoplasmic expression of OCT3/4 in differentiating germ cells in this experiment may be associated with the expression of OCT3/4B. However, the significance of expression of NANOG and OCT3/4B in the differentiation of germ cells at the later stage of adult spermatogenesis in cattle remains to be elucidated.
The results of OCT3/4 expression are not in agreement with the finding in adult mice, in which OCT3/4 expression is restricted to type A spermatogonia [9] . Instead, we observed that OCT3/4 expression in bovine differentiated spermatic cells is similar to that in the adult pig [33] . Additionally, OCT3/4 is not detected in adult human spermatogonia [42] . These results indicate that the expression pattern of OCT3/4 varies among species. On the other hand, NANOG expression in the adult bovine testes was strikingly similar to that in the adult mouse [43] , canine [43] , human [43] , rhesus monkey [44] and pig [33] . The similar expression patterns of NANOG in various species suggest that the role of NANOG in spermatogenesis is widely conserved in mammals.
Whereas both UCHL1 and DBA are known to express only in type A spermatogonia in adult bovine testes [25] [26] [27] , the numbers of UCHL1-and DBA-positive germ cells at the basal membrane after migration were not the same. This result may indicate that these markers recognized different cell types depending on their cell differentiation state. The variation of the expression level of UCHL1 has also been reported in pig differentiating spermatogonia [45] . The presence of both UCHL1-positive and DBA-negative cells may indicate the role of these molecules in the differentiation of gonocytes to type A spermatogonia.
Bovine spermatogonia derived from the adult testis could proliferate and form DBA-and UCHL1-positive colonies, suggesting that the type A spermatogonia survived in vitro. Meanwhile, the coexpression of NANOG and OCT3/4 with DBA in colony-forming cells indicated that the expression levels of NANOG and OCT3/4 were enhanced under the culture conditions used in this study. Because a VASA signal was observed in some part of the colonies, the colony-forming cells in our culture conditions may include different types of germ cells, and DBA-positive germ cells may differentiate into the VASA-positive germ cells in the colonies. Following passage of a primary culture after one week, we did not observe any colony formation or DBA expression (data not shown). This suggests that type A spermatogonia from the adult testis either (1) died, (2) were lost during the passage procedure or (3) were unable to maintain an undifferentiated state and differentiated within 1 week after culture.
Bovine gonocytes were successfully passaged in in vitro culture for up to 1.5 months (at least 6 passages). Since spermatogonia in adult testes did not express VASA, NANOG and OCT3/4 and fur- in freshly isolated gonocytes and cultured cells. All proteins were detected in freshly isolated gonocytes (F) from the neonatal testis and continued to be expressed through passages 0, 1, 2, 4 and 6 (P0, P1, P2, P4 and P6). ther differentiated germ cells did not express DBA and UCHL1, cultured cells expressing all germ-cell markers (DBA, UCHL1 and VASA) and stem cell markers (NANOG and OCT3/4) might have similar characteristics to gonocytes. These cells could colonize the recipient mouse testis, indicating that at least some of the cells in culture retained germ-stem cell activity. Although the colonizing population of cultured cells in the recipient testes seemed to be different from those of freshly isolated gonocytes, further experiments are required to investigate the difference of colonizing ability before and after culture of bovine gonocytes. Bovine testicular germ cells had not been characterized well, and only lectin DBA was used to identify type A spermatogonia from bovine prepubertal testes in an in vitro culture experiment [20] . Our data presented here demonstrated that the stem cell and germ cell characteristics of gonocytes were maintained under the culture conditions. This is not consistent with the results reported in mice [46] ; that is, the differentiation from gonocytes into spermatogonia occurs in the original cell population under culture conditions, and the characteristics of spermatogonia are maintained as GS cells. Further identification of stage-specific markers in bovine gonocytes and spermatogonia is required to define the germ cell stage of cultured cells in the present experiment. In our culture system, isolated gonocytes were contaminated with testicular somatic cells during passages. Therefore, testicular somatic cells including Sertoli cells might support cell proliferation and maintain the undifferentiated state of gonocytes under our culture conditions. Sertoli cells produce various factors, such as ETSrelated molecule (ERM) [47] and Glial cell line-derived neurotrophic factor (GDNF), to support spermatogenesis. These factors regulate the self-renewal of SSCs in the mouse [48] and rat [49] . In cattle, the presence of GDNF combined with leukemia inhibitory factor (LIF), epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF2) enhanced the proliferation of germ cells isolated from the prepubertal testis in short-term culture in vitro, but colony formation was not detected after subculture [22, 23] . In the present study, the characteristics of gonocytes could be maintained, in part, for at least 1.5 months in the basic medium without the addition of any growth factors. Therefore, it is likely that the characteristics of gonocytes in our culture conditions were supported by unknown factors from testicular somatic cells including Sertoli cells or by factors present in the FBS. Further studies are needed to optimize culture conditions for the derivation of germ-cell lines from bovine gonocytes.
So far, only limited studies have reported spermatogonial stem cell lines from the adult testis in the mice [50, 51] and humans [52] . The difficulty of establishing these cell lines might be because (1) type A spermatogonia are difficult to isolate and purify from the adult testis, which contains various types of germ cells, or (2) the culture conditions suitable for proliferation of type A spermatogonia are different from those of gonocytes; this might be due to the fact that endocrine changes occur during the onset of spermatogenesis from gonocytes in bovine testes [4] . As indicated this experiment, gonocytes have germ stem cell characteristics and are easily maintained in vitro. Therefore, gonocytes could be a useful source for establishing germ cell lines in cattle.
